This paper describes the optimum design of recess shape for the proposed hydrostatic bearing, and dynamic control of oil film thickness for an active compensating hydrostatic bearing by using a servo valve and a proposed controller. First of all, this study is theoretical study concerning static performance of a hydrostatic bearing having recess of optimal shape parameters. Because of the recess of the traditional hydrostatic bearing only has one oil outlet that is easy to concentrate the pressure of the recess at the outlet, leading to non-uniform pressure distribution. Hence, the objectives of this study are to design a hydrostatic bearing with high load capacity, high stiffness, low flow rate and uniform pressure distribution by using HTGA/Gray optimal approach. In addition, this study integrates servo control technology to compensate the pressure of the bearing with an intelligent nonlinear controller to maintain a constant oil film thickness. However, the hydrostatic bearing is a nonlinear system and is affected by numerous uncertainties; that is, the parameters can be changed by factors, such as temperature, leakage, and disturbance. Therefore, the proposed controller proposes a self-tuning mechanism to modify the output scaling factor, and adds a dead zone compensator to avoid the insensitive area of a servo valve. Finally, the experimental results are used to verify the feasibility and practicality of this study.
Introduction
Hydrostatic bearings have been widely applied in high-precision mechanisms because of their qualities, including substantially low friction, high stiffness, high accuracy, and long service life. However, the performance of bearings is greatly affected by the recess shape during the design process and the type of restrictor. A through scan of the literature concerning the hydrostatic bearing indicates that the majority of the studies are a rectangular shape of the recess. This may be because of ease of manufacturing. However, owing to rapid technological advancements in manufacturing techniques, the other recess shapes can now be easily manufactured.
Rowe and O'Donoghue (1) , (2) discusses selection of suitable values for hydrostatic bearing design variables with a view to minimizing power dissipation and reducing the temperature rise. The optimum sill width ratio is 25% when expressed in an appropriate form. Ghosh and Majumdar describe computer generated design data in terms of load capacity and oil flow for multirecess hydrostatic journal bearing (3) . The Reynolds equation for a finite bearing was solved on a high speed digital computer satisfying appropriate : Hydrostatic Bearing, Optimal Design, Dynamic Control, Self-Tuning 
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boundary conditions and using the finite difference method. Results for various L/D ratios, recess to bearing area ratios, number of recesses etc are presented for capillary and orifice restrictor. Franchek and Childs (4) experimentally studied the five oil pockets, high speed, high pressure, orifice compensated hybrid bearings for cryogenic environments such as that in the Space Shuttle Main Engine (SSME). Four hybrid bearings having different geometric configurations were experimentally tested for their static and dynamic characteristics, including flow rate, load capacity etc. Their study reported that a square recess bearing with an aligned orifice had the best performance among all the bearings studied. Sharma et al. studied the static and dynamic performance of a circular thrust pad hydrostatic bearing with circular, rectangular, elliptical and annular recess. The computed results indicate that to get an improved performance from a hydrostatic circular thrust pad bearing, a proper selection of the geometric shape of the recess in conjunction with the type of restrictor and the restrictor design parameter is essential (5) . Sharma and Singh used the third-order polynomial of pressure difference to determine the flow rate of membrane-type restrictor for studying the influences of bearing flexibility and recess shape on the performance characteristics of multirecess journal bearings (6) , (7) .
Because the precision industry has advanced recently, the demand for accuracy and for products has also been increasing. The traditional machine tool has been losing its ability to meet the requirements. Therefore, a hydrostatic bearing with a compensator has become one of the key components of precision machine tools. This paper proposed that the hydrostatic bearing could be actively compensated for using a hydraulic servo control technology to maintain a constant oil film thickness, unlike the typical compensation range of hydrostatic bearings that are constrained by the stiffness of adjusting mechanism, such as membrane-type and spool-type (8) - (13) . Many studies have employed oil film thickness control for a controllable hydrostatic bearing. Hesselbach and Abel-keilhack (14) present a hydrostatic bearing that uses magnetorheological fluids. Due to the fact that magnetorheological fluids change their rheological properties with the change of an external magnetic field, it is possible to achieve a constant bearing gap even if the payload changes. Munzinger et al. describe a smart adaptronic hydrostatic guiding system for machine tool slides. The use of smart piezoelectric transducers for higher frequency excitations in order to reduce vibrations (15) . J. Shao et al. presents a controllable hydrostatic bearing to improve rigidity. The worktable poses were controlled by coupling oil film thickness of four controllable chambers. The chamber flow can be regulated by electro hydraulic servo valve control variable pump and using the hardware-in-loop simulation experiment was carried out on the servo test bench (16) . Fig. 1 The geometry of a square hydrostatic bearing with -shaped recess Figure 1 shows the proposed design of a square hydrostatic bearing with -shaped recess is shown as Fig.1 . Some basic assumptions are applied in this study before deriving the equation of the hydrostatic bearing. Consider a steady, we assume that the fluid properties are isotropic, incompressible and isoviscous. The governing equations for this Vol. 7, No. 4, 2013 Journal of Advanced Mechanical Design, Systems, and Manufacturing problem can be written as follows:
Modeling of a hydrostatic bearing
where p is the pressure distribution of the bearing, μ is the viscosity of lubricating, u, v and w are three component of the velocity vector respectively along x, y and z axes. Eq. (1) may be integrated twice and evaluated to determine the velocity distribution. The boundary conditions employed are 0 u = and 0 v = at 0 z = or h . The velocity distribution is given by Fig. 2 Finite difference grid of a square hydrostatic bearing where h is oil film thickness, The continuity equation can be described as
Substituting Eq. (3) into Eq. (4) and then rearranging them, we can describe as 
The hydrostatic bearing with recess along x axis where W R is the recess width and H G is the recess depth. Substituting Eq. (7) into Eq. (5) and then rearranging them, the i, j P can be described as
where ( ) ( ) Figure 4 shows the hydrostatic bearing with recess along x and y axes. According to the flow rate continuity, , i j P can be expressed as 1 1 ,
where 
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The boundary conditions according to the law of conservation mass to determined the exit pressure from the restrictor, which is the inlet pressure or recess pressure of the bearing. The flow of lubricant through the restrictor is equal to the bearing input flow. It can be presented as
where in Q is the flow rate into the oil film thickness. out Q is the flow rate output from oil film of bearing.
According to the above mathematic model, the pressure distribution can be determined. Therefore, the static performance was obtained for a known value of recess pressure. The static performances of a square hydrostatic bearing includes the load capacity ( F ), the stiffness ( S ) and the flow rate ( Q ) of bearing. Which are expressed as follows:
where ( ) 3 12
The scheme of the worktable supported by the hydrostatic bearing for the mass-spring-dashpot element is shown in Fig. 5 . The equation of the motion of the worktable supported by the hydrostatic bearing can be expressed as
where M is bearing pad and worktalbe mass, 
where Fig. 6 The proposed parameters of hydrostatic bearing surface recess Figure 6 shows the schematic diagram of the proposed parameters of hydrostatic bearing surface recess. This section shows the related characteristics of a hydrostatic bearing include the load capacity, stiffness and flow rate of bearing. Fig. 7-10 shows the influence of changes in proposed parameters on each performance. The proposed parameters are given as the orifice location O L , the orifice diameter O D , the recess width W R , and the recess depth H R . In the Fig. 7 -10 (a), it can be seen that when the larger the orifice location, orifice diameter, recess width and depth, the larger the load capacity. The parameters are kept, the larger the film thickness, the smaller the load capacity. In the Fig. 7-10 (b) , it can found the stiffness is proportional to film thickness, and the results from these figures are exists a best stiffness between film thickness. In the Fig. 7-10 (c) , it can be seen that when the larger the orifice location, orifice diameter, recess width and depth, the larger the flow rate. It will cause energy consumption. The proposed parameters are outstanding effect on performance of bearing such as load capacity, stiffness and flow rate. According to the above information, it can be seen that a set of optimal parameters is exist a best static behavior. Therefore, the objectives of next section are to find the optimal parameters of bearing with high load capacity, high stiffness, low flow rate and uniform pressure distribution.

Optimum recess design for a hydrostatic Bearing
Static Performance Analysis
(a) (b) (c) Fig. 7 Influence of different orifice locations on (a) load capacity, (b) stiffness, and (c) flow rate.
(a) (b) (c) Fig. 8 Influence of different orifice diameters on (a) load capacity, (b) stiffness, and (c) flow rate.
Vol Fig. 9 Influence of different recess widths on (a) load capacity, (b) stiffness, and (c) flow rate.
(a) (b) (c) Fig. 10 Influence of different recess depths on (a) load capacity, (b) stiffness, and (c) flow rate.
Optimization approach
In this study, the proposed optimization approach is integrated a hybrid Taguchi-Genetic Algorithm (HTGA) and Gray Relational Analysis (GRA) to obtain the optimal parameters of bearing surface recess efficiently. The HTGA combines the genetic algorithm (GA), which has a powerful global exploration capability, with the Taguchi method, which can exploit the optimum offspring. The Taguchi method is inserted between crossover and mutation operations of a GA. Then, the systematic reasoning ability of the Taguchi method is incorporated in the crossover operations to select the better genes to achieve crossover, and consequently, enhance the genetic algorithm. Therefore, the HTGA can be more robust, stability, and quickly convergent (18) . However, the Taguchi method only works for optimization of a single quality characteristic. The gray relational analysis procedure is used to combine all the considered quality characteristics into a single value that can then be used as the single characteristic in optimization problems (19) . The procedure of the proposed HTGA/Gray approach is shown in Fig. 11 . In this study, the fitness function is defined as larger as possible, which are consider three capability of a bearing such as load capacity (as larger as possible), stiffness (as larger as possible), and flow rate (as lower as possible) as given by
( L ,D ,R ,R ) w F w S w Q w F S Q
where 1 w (range of value: 1-10), 2 w (range of value: 0.03-0.3), 3 w (range of value: 40-4000), and 4 w (range of value: 0.001-0.1) are weighting factors. Therefore, according to fitness function of GA and different value of weighting factors, the quality characteristics can be defined as follows: 
Optimum Results
The optimization approach for HTGA/Gray method is used to determine suitable parameters of a hydrostatic bearing for uniform pressure distribution. The result of optimized configuration of the bearing groove as shown in Fig. 12(a) . The computer simulation result under constant parameters setting with the supply pressure is 25 bar and 
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the oil film thickness is 25 m μ as shown in Fig. 12(b) .
(a) (b) Fig. 12 (a) The result of optimized configuration of the proposed design. (b) The uniform pressure distribution of a square hydrostatic bearing The static performance of different supply pressures for the designed hydrostatic bearing as shown in Fig. 13 . The following sections compare the performance of the proposed design with referenced hydrostatic bearing (7) . Fig. 14 shows the schematic diagram of the reference hydrostatic bearing. Comparisons were made on the basis of the same supply pressure (25bar) and bearing size (50mm). The comparison results of the bearing performance as shown in Fig. 15 . In the Fig. 15 , the load capacity and the flow rate of the proposed design are better than referenced hydrostatic bearing, and the stiffness of the proposed design are similar to referenced. It can be seen that the proposed design has a better static performance by using the HTGA/Gray approach. After the optimal design of a hydrostatic bearing, the designed bearing has a strong Vol. 7, No. 4, 2013 Journal of Advanced Mechanical Design, Systems, and Manufacturing static performance, but the bearing is that the oil film thickness varies with external load. Therefore, this study proposes a different concept for bearing with servo control technology to active compensating the pressure of the bearing. An intelligent nonlinear controller and dynamic control will present in following section.
Controller Design
(a) (b) Fig. 16 Figure 16 (a) shows the block diagram of the oil film thickness with the active compensating hydrostatic bearing. The objective of this control system is maintaining a constant oil film thickness of the designed hydrostatic bearing. Fig. 16(b) shows the block diagram of the Self-Tuning Fuzzy Sliding Mode Controller (ST-FSMC) with dead zone compensator. The proposed controller scheme is comprised of three parts: the fuzzy sliding mode controller, the self-tuning mechanism and the dead zone compensator, the details are as follows:
Fuzzy sliding mode controller
A classical controller requires the mathematical model of the system to be controlled. However, the Fuzzy Logic Controller (FLC) does not require such a model since it is rule-based. Therefore, the FLC has an advantage over the classical controller when it is applied to ill-defined and complex systems. The FLC includes fuzzification inference, fuzzy rule table, decision logic and defuzzification. The fuzzy rule table is dependent on error e and error rate e that complicate both membership functions and fuzzy rules. For sliding mode control, the state-space of the linear system using hydrostatic bearing model can be shown in Eq. (14) . Therefore, the sliding surface s and the derivative of sliding surface s are defined as
s e e h h h h
where α is the slop of sliding surface, d
h is desired oil film thickness of the bearing,
. After that, consider the reaching stability condition ( 0 V ss = < ) which is based on the Lyapunov function ( 2 2 V s = ). Then, the Lyapunov stability condition as Vol. 7, No. 4, 2013 Journal of Advanced Mechanical Design, Systems, and Manufacturing
Therefore, a fuzzy logic controller base on the sliding mode stability condition is designed. The membership functions can be described that are shown in Fig. 17 Table 2 Rule table of 
If the control U can be selected to satisfy the stability condition, the system will converge to the sliding surface. According to the above method, the sliding control law can be implemented with fuzzy logic by using this relation to satisfy the stability condition. There are two extreme conditions should be satisfied.
1.
If 0 s > , decreasing U value for decreasing ds to satisfy the stability condition ( 0 ss < ).
2.
If 0 s < , increasing U value for decreasing ds to satisfy the stability condition ( 0 ss < ).
Self-tuning mechanism and dead zone compensator
Because of the fixed output scaling factor u G of FSMC doesn't have adaptability; a self-tuning mechanism is described in this section. This controller includes another fuzzy logic controller, which adjusts the output scaling factor of FSMC. The self-tuning output scaling factor can be written as
where α is the real-time gain factor. The value of real-time gain factor is computed on-line using a model independent fuzzy rule table defined by the sliding surface s and the derivative of sliding surface s of the controlled variable. The triangular membership Vol. 7, No. 4, 2013 Journal of Advanced Mechanical Design, Systems, and Manufacturing functions are used for the fuzzification of the input and output variable are shown in Fig.  18 . The fuzzy rule table is illustrated in Table 3 . Fig. 18 Membership functions of self-tuning mechanism 
where pd u is the positive compensation signal of dead-zone and nd u is the negative compensation signal of dead-zone. Fig. 19 shows the real driven signal after compensation. Fig. 19 The signal sv u after compensation
Experimental Results
The dynamic test stand was built as shown in Fig. 20 , to evaluate the control performance of the active compensating hydrostatic bearing. The hydrostatic bearing, hydraulic cylinder, servo valve, proportional electro-hydraulic relief valve, and the directional valve were installed on the test stand. As shown in Fig. 20 , the oil film thickness between the hydrostatic bearing and oil return base was measured using non-contact displacement (range: 1mm; accuracy: 0.5µm) to feedback. The load capacity of the hydrostatic bearing was measured by the load cell (rated capacity: 20kN). To adjust the external load, a proportional relief valve (pres. adj. range: 8-140 bar) was set between the power unit and the hydraulic cylinder to regulate the pressure. Besides, to adjust the oil film thickness by regulating the pressure, a servo valve (pres. adj. range: 0-70 bar; Bandwidth: 100 Hz) was set between the power unit and the hydrostatic bearing. The flow rate was measured using flowmeter. Figure 21 shows the static performance characteristics of the experimental results and simulations on load capacities and flow rates. It can be seen that the present experimental results for the static performance characteristics of the designed hydrostatic bearing agree well with simulation results. 
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Figure 22(a) shows a variable loading response by using the hydraulic cylinder and proportional electro-hydraulic relief valve. Fig. 22(b) shows the dynamic behavior of the experimental results. It can be seen that the designed bearing have less influence of the oil film thickness than referenced bearing. The initial oil film thicknesses for the referenced and proposed bearing are different. Because of the load capacities are different. The load capacity of the proposed design is better than referenced hydrostatic bearing. Therefore, the referenced bearing needs a thinner the oil film thickness to withstand the external load. Thus, it can be shown that the dynamic behavior of the designed bearing has strong performance. This section shows the results of the experiment conducted on an active compensating hydrostatic bearing system using a servo valve to show the effect of the proposed controller on oil film thickness consistency. Performance comparisons were conducted among the proposed controller, a fuzzy logic controller and the passive hydrostatic bearing Vol. 7, No. 4, 2013 Journal of Advanced Mechanical Design, Systems, and Manufacturing (uncontrolled) . Fig. 23(a) shows the external load, which includes the worktable weight, the workpiece weight and the cutting force. Fig. 23(b) shows the responses of the proposed controller, the fuzzy logic controller, and the passive hydrostatic bearing as measured by time domain. To maintain constant oil film thickness, the proposed controller improves the worktable position by 78 %, and the FLC develops it by 52 %. Therefore, according to the above results, it can be seen that the ST-FSMC has the least variation on the oil film thickness of a designed hydrostatic bearing. The reason is that the ST-FSMC has more consider the sliding mode stability condition and the dead zone compensator than the others, by those additional mechanisms can effectively enhance the response of the controller to suppress the change of loads on the table.
Conclusion
This study aimed to optimum design of recess shape for the hydrostatic bearing and dynamic control of the oil film thickness for an active compensating hydrostatic bearing by adopting a hybrid controller with the self-tuning fuzzy sliding mode controller. The conclusions of this study are as follows: (1) The similarity between the simulation and experimental results confirm the designed bearing has a strong static performance by using HTGA/Gray approach. It also can be shown that the designed bearing provides a uniform pressure distribution in the surface successfully. (2) The hydrostatic bearing was actively compensated by a servo valve to maintain a constant oil film thickness. The experimental result shows the active hydrostatic bearing (controlled) is significantly better than passive one (uncontrolled). These results show that the concept of a hydrostatic bearing with hydraulic servo control technology is feasible even if the load changes. (3) Based on the oil film thickness, the improvement rate achieved for the passive hydrostatic bearing with the proposed controller (STFSMC) at RMS is 26 % more than that with the FLC. The RMS values of the oil film thickness control using the proposed controller and FLC are 0.5 m μ and 1.2 m μ , respectively. This indicates that adopting the active compensating hydrostatic bearing associated with the proposed controller can efficiently suppress the external loads of the table.
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